Introduction
Single-walled carbon nanotubes (SWNTs) 1, 2) are of nanometer-scale diameter and micrometer-order length with a geometrical shape. From the viewpoint of solid-state physics, SWNTs are attractive quasi-one-dimensional nanowires because they have exceptional electronic characteristics such as ballistic transport and low scattering rates. For these reasons, they have been expected to be a promising candidate for next-generation electronics. Therefore, extensive research has been focused on to constructing future nanoelectronic devices, such as field-effect transistors (FETs). 3, 4) However, since pristine SWNTs exhibit only ptype transport behavior because of the influence of oxygen adsorption, 5, 6) changing the transport type of SWNTs into ntype is inevitable for the fabrication of nanotube-based logic devices and circuits.
Some methods of modifying the electronic states of semiconducting SWNTs from p-type to n-type by doping alkali-metal [7] [8] [9] or specific polymer 10) have been reported. However, materials such as alkali-metal-doped SWNTs are not expected to show the predicted device performance under ambient condition due to their inherent air instability, although they show n-type transport behavior and more complicated structures have been constructed to induce electronic features. Therefore, the introduction of alkalimetal atoms into the inner space of SWNTs has been thought to be of importance.
Considering the background mentioned above, we aimed to encapsulate Cs or Li atoms into SWNTs to control the electronic structure of SWNTs using plasma ion irradiation, where various kinds of atom or molecule can be encapsulated selectively inside SWNTs. Cs is one of the heaviest elements among the alkali-metals and is conjectured to donate its electron more easily than the other alkali elements. Li is also used in this experiment to investigate the change in transport characteristic owing to the use of different alkali-metal species. Because plasma ion irradiation can be used in the selection of ionized species and control the flux/energy of ionized atoms or molecules, we can effectively perform filling/doping. Furthermore, putting different species inside a nanotube makes the nanotube an intratube pn junction with an extraordinary function and air stability.
In this paper, we report the electronic transport properties of Cs-encapsulated SWNTs (Cs@SWNTs), Li-encapsulated SWNTs (Li@SWNTs), and C 60 -encapsulated SWNTs (C 60 @SWNTs) synthesized by plasma ion irradiation in comparison with those of pristine SWNTs, which are measured using a field-effect transistor (FET) configuration. It is found that both pristine and C 60 @SWNTs show a p-type semiconducting transport property. However, the n-type transport behavior and ambipolar transport property are clearly measured for Cs@SWNTs and Li@SWNTs, respectively. Namely, the transformation of transport property can be realized by the encapsulation of alkali-metals inside SWNTs.
Experimental Apparatus and Methods
The carbon nanotubes used here are prepared by the arc discharge method and refined at a high purity. Many highresolution transmission electron microscopy (HRTEM) observations show that the diameters of the range 1.3-1.5 nm and multi-walled carbon nanotubes do not exist. First, alkalimetal (Cs, Li) positive ions are generated by producing plasmas in a grounded vacuum chamber as schematically shown in Fig. 1 . This plasma is composed of electrons emitted from a tungsten hot plate and alkali-metal positive ions generated by surface contact ionization on a grounded hot plate in the vacuum chamber (P % 1:0 Â 10 À6 Torr), and confined radially by an externally applied magnetic field (B ¼ 3 kG). The parameters of this plasma are measured SELECTED TOPICS in APPLIED PHYSICS I New Advances in Carbon Nanotube: From New Growth Processes to Nanodevices using a Langmuir probe, and the plasma density and electron temperature are about 1:0 Â 10 10 cm À3 and 0.2 eV, respectively. When a fullerene oven filled with C 60 particles are heated up to about 500 degrees Celsius, C 60 are sublimated in the range . 10 13 cm À3 , which corresponds to the pressure range .10 À6 Torr. When they are introduced into the plasma, attachment of electrons occurs due to the high electron affinity of C 60 (% 2:65 eV). Finally, alkali-metal positive ions and C 60 negative ions plasma (A þ -C 60 À ; A ¼ Cs, K, Na, Li) are generated. Then, a stainless-steel substrate to which SWNTs are applied is introduced in a downstream region of the plasma flow. Arbitrary DC bias voltages ( ap ) are applied to this substrate, resulting in the formation of a plasma sheath between the plasma and the substrate, which can accelerate ions in the plasma. Therefore, plasma ion irradiation is a technique that irradiates plasma ions on an object in a controlled manner. Here, a negative bias ( ap < 0) and a positive bias ( ap > 0) are applied to the substrate to subsequently irradiate alkali-metal positive ions and C 60 negative ions in the plasma toward SWNTs for 1 h, respectively. During Cs þ irradiation, the substrate current is kept at 100 mA. As a result of these events, alkali-metal-encapsulated SWNTs and C 60 -encapsulated SWNTs are obtained. More concretely, Cs@SWNTs and Li@SWNTs are obtained using Cs and Li as alkalimetals in the present experiment. The details of experimental setup have already been reported in elsewhere. [11] [12] [13] 
Experimental Results and Discussion
Figures 2(a) and 2(b) show HRTEM images of C 60 @ SWNTs and Cs@SWNTs synthesized by the application of a positive bias ( ap ¼ 20 V) and a negative bias ( ap ¼ À100 V) to the substrate covered with dispersed SWNTs, respectively. C 60 encapsulation rate is estimated by comparing the length of C 60 encapsulating parts to the total length of clearly observable nanotubes from many TEM observations, and is determined to be approximately 70%. Moreover, it is conjectured that the alkali-metal encapsulation rate is higher than the C 60 encapsulation rate because alkalimetals are smaller than C 60 and are expected to be encapsulated more easily than C 60 molecules. Here, it should be noted briefly on the encapsulated process that C 60 negative/Cs positive ions accelerate toward the substrate by the applied positive/negative bias, impacting on the SWNTs. In this case, SWNTs are structurally modified mainly by the momentum transfer from ions impinging upon the nanotubes, and structural disorders of SWNTs, such as tube cutting, is generated. Considering the size relationships between dopants, fullerene molecules and Cs atoms in this study, and the six-membered ring of SWNTs, we can conjecture that dopants are introduced through these disordered structures. We have previously proposed the structural deformation and consecutive encapsulation mechanism based on our experimental results and theoretical investigation. 11, 13) To fabricate SWNT-FET structures, the dispersion process is carried out. Pristine, Cs-, Li-, and C 60 -encapsulated SWNTs bundles are dispersed by supersonic treatment for several hours in N,N-dimethylformamide (DMF) solvent with a SWNT density of 1:13 Â 10 À2 wt%. Then, the SWNT suspensions are spincoated onto a FET substrate. The FET substrate is manufactured by a lift-off process prior to the application of SWNTs. The source and drain electrodes used are made of Au placed on a SiO 2 insulating layer (thickness of 500 nm) and have a channel length of 500 nm. A heavily doped Si substrate is used as a back gate, and the back-gate electrode is prepared by Al evaporation. As the final step in SWNT-FET preparation, the substrate is baked at 400 K for 30 min to remove DMF remnants and improve contact resistance between the SWNTs and electrodes. However, contact resistance does not decrease fully, but is the main factor of disturbance of drain-source current in our experiments. Scanning electron the microscopy (SEM) and atomic force microscopy (AFM) are utilized to confirm the features of nanotube dispersion and bridging between the sourcedrain electrodes. According to AFM measurements, the average height of SWNTs as a FET channel is estimated to be about 14 nm, as shown in Fig. 3 of the typical AFM image. Judging from this value, it is predicted that SWNTs as the FET channel form thin bundles consisting of several individual SWNTs. After constructing the SWNT-FET configuration, drainsource current (I DS ) as a function of drain-source voltage (V DS ) or gate bias voltage (V G ) is firstly measured using a four-point microprobe system. All the measurements are performed at room temperature in vacuum, where the gate leak current accompanied by any application of V G is smaller than 1 pA. Figure 4 (a) gives the I DS versus V G property of pristine SWNTs, where V G is continuously varied from À50 V to 50 V at V DS ¼ À2 V. The I DS -V G dependence shows that holes in the pristine SWNTs are depleted when V G is larger than À20 V, which means that pristine SWNTs are p-type semiconductors. Moreover, I DS is observed to decrease from 30 nA to 1:1 Â 10 À2 nA with increasing V G from À50 V to 50 V. Figure 4 (b) depicts a typical I DS -V DS property for the same sample shown in Fig. 4(a) . This graph also indicates that pristine SWNTs behave as a p-type semiconductor, while an observed nonlinear nature is considered to originate from the Schottky barrier between the SWNTs and electrodes. Figure 5 (a) gives the I DS -V G characteristic of C 60 @ SWNTs at V DS ¼ À2 V, while the I DS -V DS characteristics are shown in Fig. 5(b) . According to these dependences, the C 60 @SWNTs-FET reaches an off state when V G is larger than approximately À30 V. Although we can recognize here some change in the threshold voltage of C 60 @SWNTs in comparison with that of pristine SWNTs, C 60 @SWNTs maintain their p-type semiconducting property. Okada et al. have reported in their theoretical calculation study that C 60 molecules encapsulated in SWNTs operate as an electron acceptor.
14) Therefore, our experimental result that C 60 @ SWNTs behaves as a p-type semiconductor well coincides with the theoretical one. Figure 6(a) gives the I DS -V G characteristic of Cs@ SWNTs in vacuum at V DS ¼ 2 V. When V G < À25 V, the transport property markedly changes in contrast with those of the pristine SWNTs and C 60 SWNTs, i.e., the FET constructed by Cs@SWNTs becomes an off state. Moreover, the I DS -V DS curves in Fig. 6(b) also indicate that the current does not flow any longer at V G ¼ À30 V. That is, the n-type transport property is demonstrated to emerge in this FET. Since the electron transfer from Cs toward SWNTs takes place with encapsulating Cs atoms, the Fermi level of the SWNTs is expected to be raised. Then, the conduction band of the SWNTs approaches the Fermi level of electrodes (Au), and electrons easily come to conduct. Thus, it is experimentally confirmed that Cs atoms encapsulated inside SWNTs act as an electron donor to the SWNTs (n-doping). Concerning experimental repeatability, the scatter in the threshold is found to be less than 5 V after measuring the electronic properties of several Cs@SWNT-FETs. A view of the modulation of the Schottky barrier between an electrode and a SWNT by applying gate bias voltage well explains our measured result. The work function of gold electrodes used in our experiments is 5.1 eV, whereas the work function of our pristine SWNTs is approximately 4.7 eV.
15) The observed p-type character of pristine SWNTs is due to this Schottky barrier that prevents electrons from being injected into SWNTs. Secondly, let us consider the case where alkali-metals are encapsulated into SWNTs, referring to the case of general doping with alkali-metals. 5) The depletion width of nanotubes is expected to decrease exponentially with doping fraction. 16 ) Therefore, when alkali-metals are well encapsulated inside SWNTs, the depletion width of the nanotubes is contracted due to the occurrence of electron transfer from alkali-metals to SWNTs as well as alkali-metal doping. Thus, electrons easily come to tunnel through the Schottky barrier, namely, the nanotube shows the n-type transport property.
Furthermore, the transport measurements are performed for the case of using other kinds of alkali-metal, Li. The I DS -V G characteristic of the Li@SWNT-FET is shown in Fig. 7 . When we sweep the gate bias voltage from À50 V to 50 V, the current I DS markedly decreases by three orders of magnitude at À38 V, then sharply increases by À20 V. Then, I DS goes up gently and reaches saturation. This result indicates that Li@SWNTs exhibit both n-type and p-type transport properties, the so-called ambipolar transport behavior. The ambipolar behavior is not measured when we use Cs atoms as an alkali-metal dopant. Although the direct observation of Li incorporation inside SWNTs by HRTEM is impossible because of its low atomic weight, it can be conjectured that Li atoms are encapsulated into SWNTs more densely compared with Cs atoms since their diameter is much smaller than that of Cs atoms. In fact, it has recently been reported that carbon nanotubes with a small band gap, such as large-diameter (from 3 to 5 nm) SWNTs, 17) Gd@C 82 metallofullerene peapods, 18) and double-walled carbon nanotubes, 19) have ambipolar properties. When the Li atoms are densely encapsulated into the SWNTs compared with the case of Cs atoms, it might be expected that not only the electronic transfer but also the shortening of band gap would occur. Through this, the appearance of ambipolar conduction can be explained theoretically.
Conclusions
We have produced alkali-metal-and fullerene-encapsulated single-walled carbon nanotubes (Li@SWNTs, SELECTED TOPICS in APPLIED PHYSICS I Cs@SWNTs and C 60 @SWNTs) by plasma ion irradiation, and investigated their electronic transport properties in comparison with those of pristine SWNTs by adopting fieldeffect transistor (FET) configurations. Although it is confirmed that pristine SWNTs and C 60 @SWNTs show a p-type transport property, Cs@SWNTs clearly exhibit an n-type transport property, which is explained in terms of electron transfer from encapsulated Cs atoms toward the surrounding SWNTs. On the other hand, Li@SWNTs show both n-type and p-type properties, the so-called ambipolar transport behavior. This phenomenon can be explained by the band gap narrowing accompanied by Li encapsulation. These results signify that the encapsulation of atoms or molecules inside single-walled carbon nanotubes by plasma ion irradiation has potential for controlling the electronic structure of SWNTs.
